In the present paper, a vibration mode modification method when the dynamic characteristics of the vibration system change by assembly is proposed. When the dynamic characteristics change, component mode synthesis (CMS) is widely used. However, CMS is not suitable for vibration control. Therefore, the present paper proposes a component mode modification technique for vibration control problem. The vibration modes are modified using component modes for constructing a reduced-order model. In this method, vibration modes are modified using static correction modes (attachment modes). Using these modes, orthogonalization is performed by subspace iteration. First, the concept of vibration mode modification is proposed. This concept is then applied to the proposed modeling method, which is referred to as the extended reduced-order physical modeling method. Finally, the proposed method is examined through dynamic responses of an elastic vehicle. Using the elastic vehicle, a single lane change test and simulation are carried out.
Introduction
In the field of vibration control, the use of vibration modes is a popular approach (1) .
Therefore, identification of the vibration characteristics of a flexible object is an important problem, which requires consideration of the change in modal characteristics when the boundary condition changes by assembly. Component mode synthesis (CMS) is widely used as a vibration analysis model (2) - (8) .
The CMS technique whose effect is approximation by using static deformation is added to cut-off vibration characteristics in higher mode or lower mode (9) . In CMS, the orthogonalities are not realized between different types of modes. Therefore, the convergence in the dynamic simulation is sometimes discussed (10) . In order to improve this convergence, it is orthogonalized between vibration modes and component modes. The convergence of dynamic calculation is improved using these orthogonalized modes.
In general, the CMS technique is not applied to vibration control. In the present paper, a technique for modifying CMS that is applicable to the vibration control model is first proposed. In this concept, vibration modes and other component modes are modified by the orthogonalization process. The modified vibration modes are then chosen to construct the elastic body model. Moreover, this modification procedure is applied to the extended reduced-order physical model (EROPM) (11) , which is a simultaneous motion and vibration control model proposed in the present paper. In order to verify the effectiveness of these approaches, an elastic vehicle is modeled. A single lane change test is performed using the experimental setup of the elastic vehicle, and a dynamic simulation of the single lane change is calculated using the vibration mode modification approach with the EROPM.
Concept of the Vibration Mode Modification Procedure
In the dynamic expression of elastic bodies, it is important to identify a boundary condition. The CMS technique is widely used in order to express these vibration characteristics. However, orthogonalities between vibration modes and other modes in CMS do not hold. Therefore, an orthogonalization modification technique is discussed in this section. The concept of the modification procedure is shown in Fig.1 . First, the orthogonalization between each mode is calculated, and these modes are modified. Here, there are two types of modes, namely, modified vibration modes and modified static correction modes. The modified vibration modes are then chosen to construct the vibration control model.
Figure 1 Modification procedure of vibration modes
The orthogonalization method between each mode is then discussed. The Gram-Schmidt orthogonalization is the most well-known orthogonalization technique. In the present paper, the subspace iteration method (10) is chosen for orthogonalization. The subspace iteration method, which is more accurate than Gram-Schmidt process, is used for orthogonalization and modification. Using this method, several eigenvalues and eigenvectors are simultaneously obtained by iteration. In Fig.2 , the orthogonalization of component modes and the modification procedure are explained. For instance, we consider the following case. The vibration characteristics of a flexible object are changed from a certain boundary condition to an uncertain boundary condition by assembly. Therefore, vibration modes on a single boundary condition and static correction modes (attachment modes) are used as an expression of the dynamic characteristics of the uncertain boundary condition. The dynamic characteristics of the elastic body are changed by assembly. Therefore, the varied dynamic characteristics are expressed by vibration modes on the original boundary condition and static correction modes. However, these component modes come from static deformations which are not connected to eigenvalues, and these modes increase the order of the system. Therefore, static correction modes are used only for the modification of vibration modes. As shown in Fig.1 , the vibration modes are modified, and the modified vibration modes used for control model are then obtained. The subspace iteration method is used for orthogonalization between each mode. The subspace iteration procedure used for orthogonalization is shown in Fig.2 . In Fig.2 In the first step, 
Application of the EROPM Element Lumping Model
Extended reduced-order physical model (EROPM) has been presented for control of the motion and vibration of elastic bodies (11) . The proposed modeling method, i.e., the EROPM, is one of the element lumping method (12) , (13) . The proposed method is based on reduced-order physical model (ROPM) (14) , which was proposed by Seto et al. for vibration control of elastic structures. The EROPM was developed in order to extend the ability of the ROPM. The ROPM is useful for modeling and controlling vibrations of an elastic structure expressed as a lumped mass model, in which the number of mass points is equal to the number of vibration modes. However, the ROPM is limited for use in vibration control, rather than motion control. In order to control the motion and vibration of elastic structures, reducing the number of mass points or elements is suitable because a large number of mass points or elements require a large controller. The EROPM is a modal-based model, so the number of degrees of freedom of modeling object is decided by the number of selected modes. In this case, the number of rigid body elements is also decided by the number of selected modes. The EROPM is composed of rigid body elements, stiffness elements, and damper elements. The EROPM has been applied to an elastic vehicle (15) , a flexible rotor (16) , and a flexible robot arm (17) .
The EROPM is a modeling method that reduces the number of elements (similar to FEM) in order to retain input modal characteristics. Therefore, in order to construct an accurate EROPM, having orthogonalities between each mode is desirable. However, the orthogonalities between vibration modes and other modes in the CMS are generally not realized. In the conventional EROPM process, constructing a model without orthogonalization between each mode is difficult. Therefore, the CMS components must be orthogonalized before applying the conventional EROPM process.
Extended Reduced-order Physical Model (EROPM)

Overview of EROPM
EROPM is a model for simultaneous control of motion and vibration. The EROPM is composed of rigid body elements and stiffness elements. The concept of the EROPM is shown in Fig.3 . Each rigid body element can be located at arbitrary positions on the flexible object to be modeled. In order to represent the flexibility of a flexible object at these points, these elements are connected with springs. 
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Rigid Body Elements
The following four conditions are used to identify the masses and moments of inertia for rigid body elements: (1) Total mass and total moment of inertia of all rigid body elements (2) Position of the center of gravity as the sum of all rigid body elements (3) Modal vibration energy calculated as the sum of the rigid body elements model (4) Modal momentum and modal angular momentum calculated as the sum of the rigid body elements The above equations are assembled into a set of simultaneous equations for the masses A M and moments of inertia A J of the rigid body elements.
The matrix A Φ denotes the mode shape of the flexible object, and the matrix A ′ Φ denotes the gradient of mode shape. In addition, the vector q P denotes the modal momentum, and the vector q Π denotes the modal angular momentum. The position vector A X indicates the distance from the reference frame to each rigid body element. The operator 'prime' makes the vector to be the diagonal matrix.
Stiffness Elements
The stiffness matrix A K is determined by the following equation:
where matrix A κ is the modal stiffness matrix of the modeled object and is calculated from the modal masses and natural frequencies of the modeled object. The matrix T K denotes the translational stiffness matrix. The matrix R K denotes the rotational stiffness matrix.
Application of the EROPM Modeling Procedure
When the vibration mode modification technique is applied to the EROPM modeling 
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procedure, the modeling process can be expressed as shown in Fig.5 . This modification process influences the vibration characteristics (vibration mode shapes and gradient of vibration mode shapes and modal masses and natural frequencies) and the motion and vibration coupling term (modal momentum and modal angular momentum). In the following section, the efficiency of this modeling process is examined.
Application to Dynamic Analysis of an Elastic Vehicle
Elastic Vehicle System and FE Model
The efficiency of the vibration mode modification technique in the EROPM modeling process is verified using an elastic vehicle. The elastic vehicle is shown in Fig.6 , in which the red dotted line indicates the elastic part of the vehicle, which consists of a thin steel plate. The specifications of this vehicle are listed in Table 1 . A body part is used of an aluminum beam to reduce body stiffness. The specifications of the body part are listed in Table 2 . A front part and a rear part are connected by this flexible beam. In this experiment, a relationship between steering and bending deformation of the elastic vehicle is focused. Therefore, this elastic vehicle is modeled using the two-dimensional EROPM.
A measurement system of the vehicle is shown in Fig.7 . Laser sensors and a potentiometer are used for steering control of the vehicle. Yaw rate response of the moving elastic vehicle is measured using a gyro sensor. The gyro sensor is mounted at a center of gravity. Figure 6 Experimental setup of the elastic vehicle 
Figure 7 Measurement System
In order to obtain the vibration characteristics related to the mode shapes, an elastic vehicle model is constructed by finite element analysis. The FE model of the elastic vehicle is modeled using two-dimensional beam elements. The FE model is composed by 24 elements. At first, the FE model is analyzed under a free-free boundary condition. Thus, the tires remain in contact with the road. Therefore, static correction modes (attachment modes) are prepared by finite element analysis, because the vibration characteristics are changed by the tires.
Figure 8 Finite Element Model of the Elastic Vehicle
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The vibration modes and static correction modes are calculated by the FEM, which is based on the vibration characteristics of the elastic vehicle. These mode shapes are shown in Fig.9 . The vibration modes are calculated under the free-free boundary condition, and the modes from the first mode to the second mode are used. The static correction modes are calculated as pushed in tire positions which are the action point of external forces and are the interface between tires and road (Fig.10) . Therefore, the static correction modes are calculated as a bending deformation on a cantilever. 
Modification of the Vibration Modes
These mode shapes (Fig.9 and Fig.10 ) are organized by one modal matrix. Components of the matrix are written as follows: 
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These modified modes are shown in Fig.11 and Fig.12 
where A Φ is a modified vibration mode used in the EROPM, and A ′ Φ is the modified gradient of the vibration modes used in the EROPM. n denotes a number of rigid body elements. Therefore, the relationship of the elements number is N n ≥ . Moreover, the degrees of freedom in the modal space are also reduced, because the role of the static correction modes was finished. The EROPM is modeled using these modified modes, and equations of motions are constructed using the modes shown in Fig.11 . The modified vibration modes (Fig.11) are the object mode shapes for EROPM modeling. The EROPM used to construct the equations of motion is obtained using 
Equations of Motion
An elastic vehicle model is expressed as a two-dimensional model and an equivalent two-wheel model using the modified vibration modes. As shown in Fig.13 , the elastic vehicle is expressed as rigid body elements of the EROPM are connected to each other by spring elements. Moreover, cornering forces act on specific rigid body elements which are tire positions. The cornering force increases in proportion to a sideslip of the tire. 
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The equations of motion of this elastic vehicle are expressed by the following equation:
Using this equation of motion, dynamic analysis of the elastic vehicle is examined.
Single Lane Change Test and Simulation Results
Experimental setup for single lane change tests is shown in Fig.14 . The elastic vehicle is driven on a road simulator. The load simulator is able to confine the moving vehicle to an arbitrary position by adjusting speed of a moving belt. The single lane change response is shown in Fig.15 . The blue line indicates the experimental data. The red line indicates the data for the elastic vehicle model with the modified vibration modes, and the green line indicates the data for the elastic vehicle model with the original vibration modes. In this figure, differences are observed between the transient responses of the experimental data and the model data. The elastic vehicle model by the modified vibration modes expresses the transient property of the elastic vehicle well. Therefore, the simulation response obtained using the EROPM based on the modified vibration modes and the experimental response is in good agreement.
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Conclusion
In the present paper, the modification procedure of vibration modes for vibration control and the application of the modification technique were discussed, and the following results were obtained.
1. A vibration mode modification procedure for the reduced-order model in vibration control was proposed. 2. The modification procedure was applied to the EROPM modeling procedure. 3. The EROPM with modified vibration modes was verified by a single lane change test of the elastic vehicle. Based on these results, the effectiveness of the proposed procedures was verified.
Basic investigations of the modification method and application of the EROPM to vibration control will be investigated.
